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4Vrxufh= Iuhhpdq +4<:9,/ Uxpehujhu +4<;:, dqg Gdo| hw do1 +5333,1 Iuhhpdq +4<:9, zdv
wkh ￿uvw zkr udlvhg wkh lvvxh ri wkh ryhuhgxfdwhg Dphulfdq1 Iljxuhv iru RHFG frxqwulhv rq wkh
shufhqwdjh ri cryhuhgxfdwhg* zrunhuv ydu| iurp 53( wr 83( uhjduglqj wkh ydulrxv hgxfdwlrqdo
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5Vhh Kduwrj dqg Rrvwhuehhn +4<;;,/J u r r w+4<<9, dqg Px|vnhq dqg Uxkroo +5334, iru
hpslulfdo hylghqfh lq wkh Qhwkhuodqgv/ vhh Px|vnhq hw do1 +5336, iru Jhupdq|/ vhh Gxqfdq dqg
Kr￿pdq +4<;4,/ Uxpehujhu +4<;:, dqg Frkq dqg Nkdq +4<<8, iru XV ￿jxuhv/ Vordqh hw do1
+4<<<, iru wkh XN/ Nlnhu hw do1 +4<<:, iru hylghqfh lq Sruwxjdo dqg iru Vsdlq/ vhh Doed0Udpluh}
+4<<6,1
6Iru pruh ghwdlov rq wkh gdwdvhw xvhg vhh Fkdswhu 61
7Iru wkh XV/ Zlopv +4<:7, ￿qgv wkdw 83( ri vwxghqwv ￿qg hpsor|phqw uhodwhg wr wkhlu ￿hog
ri vwxg| dqg Slqfxv +4<;3, uhsruwv wkdw 73( duh hpsor|hg rxwvlgh wkhlu rzq rffxsdwlrqdo ￿hog1




  ! 
  
 























 =	  -
. ,@ K
Gdwd= FKHHUV Vxuyh|
Wkh ￿uvw froxpq lqglfdwhv wkh shufhqwdjh ri kljkhu hgxfdwhg zrunhuv zkr duh
ryhuhgxfdwhg iru wkhlu mrev/ 4<<;1
Wkh vhfrqg froxpq lqglfdwhv wkh shufhqwdjh ri kljkhu hgxfdwhg zrunhuv lq kljkhu
rffxsdwlrqv exw rxwvlgh wkhlu rzq rffxsdwlrqdo ￿hog/ 4<<;1
@ Gdwd vrxufh= Edffdodxuhdwh dqg Eh|rqg vhfrqg iroorz0xs +E)E <50<6,1
K Zhljkwhg dyhudjh ri ED2EV/ Dvvrfldwh dqg Fhuwl￿fdwh judgxdwhv lq wkh XVD lq 4<<31
Vrxufh= Juxee +4<<:,1 Vxuyh| ri Lqfrph dqg Surjudp Sduwlflsdwlrq +VLSS,1
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9Wkh Voxwvn| Htxdwlrq lv jhrphwulfdoo| frqvwuxfwhg dv d sdudoohorjudp0vkdshg duhd1 Wklv
sdudoohorjudp ehfrphv d gldprqg lq wkh fdvh ri xqlw hodvwlflw| ri vxevwlwxwlrq +lq wkh fdvh ri







































     *
	

   ' 
 





  	  





















  '   	
  "" !   !  *
 





















    " 













  " 
 ! 
 	  	
 






  !  	 "
 

  ! 
:
  	 / C
 
	





 !  	    
 
   

 


























 	  

















 !  M
 



















 /  
























:Dv phqwlrqhg lq irrwqrwh 9/ wkh Voxwvn| htxdwlrq fdq eh frqvwuxfwhg dv d sdudoohorjudp/ wkh
duhd ri zklfk lv sursruwlrqdo wr wkh pdjqlwxgh ri wkh hodvwlflw| ri vxevwlwxwlrq1 Wkh dujxphqw
xvhg e| Gh Od Judqylooh uholhv rq wkh olqhdu dssur{lpdwlrq pdgh zkhq xvlqj wkh Voxwvn|
htxdwlrq lq lwv gl￿huhqwldo irup lqvwhdg ri wkh wuxh lq￿qlwhvlpdo irup1 Kh vkrzv wkdw wkh
rughu ri wkh pdjqlwxgh ri wkh huuru pdgh e| xvlqj wkh olqhdu dssur{lpdwlrq lqfuhdvhv zlwk wkh
pdjqlwxgh ri wkh hodvwlflw| ri vxevwlwxwlrq1
;Qrwh wkdw wkh xvkhuv zkr uhsodfh wkh pxvlfldqv duh qrw xvkhuv dq|pruh exw pxvlfldqv1
Wklv kljkoljkwv wkh qhhg wr glvwlqjxlvk ehwzhhq zrunhuv* dfwxdo mrev dqg srwhqwldo mrev1 Wklv lv
suhflvho| zkdw hgxfdwlrq dqg rffxsdwlrq yduldeohv gr= wkh| vhsdudwh wkh srwhqwldo rffxsdwlrqv
+ghwhuplqhg e| hgxfdwlrq, wr wkh dfwxdo rffxsdwlrq ru dv lq Wlqehujhq*v +4<:6, whup uhtxluhg
hgxfdwlrq +l1h1 rffxsdwlrq, dqg dfwxdo hgxfdwlrq1
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44Vhh dovr Ohyhu +4<<9,/ Do0Vkdpvl +5334,/ Udpfkduudq +5334d dqg 5334e, iru uhfhqw
hvwlpdwhv1
45Vhh dovr Pdluhvvh dqg Gruprqw +4<;8,/ Doohq +4<;9,/ Fdug +4<;9, dqg Eodqfk rzhu hw do1
+4<<4,1
46Vhh dovr Mrkqvrq +4<:3,/Z h o f k+4<:3,/ Grxjkhuw| +4<:5,/ Ehuqgw dqg Fkulvwhqvhq +4<:7,/
Wlqehujhq +4<:6/ 4<:7 dqg 4<:8,/ Eurjdq dqg Hulfnvrq +4<:8,/ Idoorq dqg Od|dug +4<:8,/
Kdphuphvk dqg Judqw +4<:<,/ Fkhq dqg Wdqj +4<;:,/ J|dsrqj dqg J|lpdk0Euhpsrqj +4<;;,
dqg Ohy| +4<<9,1
47Vnloo lv xqghuvwdqg lq d eurdg vhqvh khuh1 Julolfkhv +4<9<,/ Mrkqvrq +4<:3,/Z h o f k+4<:3,/
Wlqehujhq +4<:6/ 4<:7 dqg 4<:8, dqg Judqw +4<:<, gl￿huhqwldwh oderxu e| hgxfdwlrq zkhuhdv
wkh rwkhu dxwkruv gl￿huhqwldwh ehwzhhq surgxfwlrq dqg qrqsurgxfwlrq zrunhuv1
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49Vhh Juhhq hw do1 +4<<<,/ Erujkdqv dqg Gh Juls +5333, dqg E￿fkho hw do1 +5336, iru dq
ryhuylhz ri wkh olwhudwxuh1
4:Vhh dovr Jurrw +4<<9,/ Nlnhu hw do1 +4<<:,/ Edwwx hw do1 +4<<<,/ Vordqh hw do1 +4<<<,/ Jurrw
dqg Pddvhq Ydq Ghq Eulqn +5333,/ Gh Rolyhlud hw do1 +5333,/ Ydkh| +5333, dqg Qj +5334,1
4;Vhh dovr Wvdqj dqg Ohy| +4<;8 dqg 4<;<, dqg Gh Juls +4<;<, iru d glvfxvvlrq rq wkh lpsdfw
ri cryhuhgxfdwlrq* rq surgxfwlylw|1
4<Vhh Ehuj +4<:3,1 Qrwh wkdw E￿fkho +5335, ￿qgv qr hylghqfh iru kljkhu mre glvvdwlvidfwlrq
dprqj cryhuhgxfdwhg* zrunhuv lq Jhupdq|1
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4Wkh dvvljqphqw olwhudwxuh glyhujhv iurp wkh pdwfklqj wkhru|/ vhh Pruwhqvhq +4<;9, iru
lqvwdqfh/ dqg vhdufk wkhru|/ +vhh Mrydqrylf +4<:<,/ Gldprqg +4<;4, dqg Slvvdulghv +4<;7,, e|
dvvxplqj wkdw zrunhuv kdyh ixoo nqrzohgjh ri doo hpsor|huv* zdjh r￿huv dqg wkdw hpsor|huv
kdyh ixoo nqrzohgjh ri doo zrunhuv* delolwlhv1 Lq dvvljqphqw prghov/ lw lv dvvxphg wkdw iuhh
fkrlfh dqg frpshwlwlyh pdunhwv dvvljq wdvnv wr zrunhuv h!flhqwo|1 Shuihfw frpshwlwlrq hqvxuhv
wkdw zrunhuv lq hdfk jurxs duh uhzdughg dffruglqj wr wkh surgxfwlylw| ri wkh pdujlqdo zrunhu
lq wkh dvvrfldwhg jurxs1 Iuhh fkrlfh hqvxuhv wkdw zrunhuv vhohfw wkhlu hgxfdwlrq dffruglqj wr
wkhlu frpsdudwlyh dgydqwdjh dqg wdvnv duh dvvljqhg dffruglqj wr wkh vwuxfwxuh ri frpsdudwlyh
dgydqwdjh1
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5Vhh dovr Vdwwlqjhu +4<<6, iru d vxuyh| ri dvvljqphqw prghov dqg frpsdudwlyh dgydqwdjh1
6PdfGrqdog +4<;5, h{whqgv wkh frpsdudwlyh dgydqwdjh prgho wr oderxu pdunhwv zlwk lq0
frpsohwh lqirupdwlrq1
7Lq Ur|*v +4<84, ruljlqdo zrun/ zrunhuv fdq fkrrvh ehwzhhq wzr vhfwruv1 Zloolv dqg Urvhq
+4<:<, dqg Zloolv +4<;9, vkrz wkdw Ur|*v prgho h{suhvvhv wkh vhoi0vhohfwlrq ri shrsoh lqwr
hgxfdwlrqdo jurxsv dvvxplqj wkdw wkhuh lv d rqh0wr0rqh uhodwlrqvkls ehwzhhq hgxfdwlrq dqg
rffxsdwlrq1 Wkhuhiruh/ wkurxjkrxw wklv vhfwlrq/ zh zloo xvh wkh whup hgxfdwlrq dowkrxjk zh
frxog xvh wkh whup rffxsdwlrq1
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8Kduwrj +5334, ghvfulehv lq d edvlf vwuxfwxuh wkh wudqvirupdwlrq ri lqglylgxdov* lqlwldo hqgrz0
phqwv +delolwlhv, lqwr hduqlqjv1 Lq wkh ￿uvw vwhs/ lqglylgxdov* lqlwldo hqgrzphqwv duh wudqviruphg
lqwr vnloov wkurxjk dq hgxfdwlrqdo surgxfwlrq ixqfwlrq/ wkh ixqfwlrq om+{,1 Wkhvh vnloov duh wkhq
wudqviruphg lqwr dq lqglylgxdo*v rxwsxw e| d surgxfwlrq pdwul{/ wkh ixqfwlrq s+om, zlwk s lq0
fuhdvlqj lq om1 Wr vlpsoli| wkh qrwdwlrq dqg zlwkrxw orvv ri jhqhudolw|/ zh dvvxph wkdw wkh
ixqfwlrq wm dfwxdoo| hqfrpsdvvhv erwk wkh hgxfdwlrqdo surgxfwlrq pdwul{ dqg wkh surgxfwlylw|
pdwul{/ l1h1 wm+{, @ s ￿ om+{,1 Lq wkh ￿qdo vwhs/ zlwk slhfh udwh rxwsxw sulfhv/ surgxfwlylwlhv
ghwhuplqh vwdqgdug hduqlqjv/ |1
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9Wklv lv d vwurqj dvvxpswlrq lq Ur|*v prgho1 Khfnpdq dqg Krqruh +4<<3, vkrz wkdw ihz ri
wkh lpsolfdwlrqv ri Ur|*v prgho vxuylyh li wkh vnloov duh gudzq iurp pruh jhqhudo glvwulexwlrqv1
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;Lq Iljxuh 515/ zh sorw wkh <8( frqwrxu1 Wklv phdqv wkdw <8( ri doo lqglylgxdov duh frqwdlqhg
lq wkh hoolsvh q1
<Qrwh wkdw li wkh vfrsh iru erwk vnloov lv wkh vdph/ l1h1 wkh vdph glvshuvlrq ri vnloov lq erwk
hgxfdwlrqdo vhjphqwv/ wkh mrlqw glvwulexwlrq lv uhsuhvhqwhg e| d flufoh vhw ri lvr0suredelolw|1 +vhh
Vdors +4<:<,,
43Khuhzlwk/ rqh vkrxog xvh wkh whup clpsrvhg* lqvwhdg ri cuhtxluhg* hgxfdwlrq iru d mre vlqfh
erwk Zloolv dqg Urvhq +4<:<, dqg Zloolv*v +4<;9, h{whqvlrqv frqvlghu d rqh0wr0rqh uhodwlrq
ehwzhhq hgxfdwlrq dqg rffxsdwlrq1 Wkh shrsoh zkr duh jrlqj wr zrun lq rffxsdwlrq 4 kdyh
vwxglhg hgxfdwlrq 4 zkhuhdv wkrvh zkr zrun lq rffxsdwlrq 5 kdyh dozd|v vwxglhg hgxfdwlrq 51
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44Vlplodu wr Ur|*v prgho/ wkhuh lv d rqh0wr0rqh uhodwlrqvkls ehwzhhq hgxfdwlrq dqg
rffxsdwlrq1
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45Lq Iljxuh 516/ zh sorw wkh <8( frqwrxu1 Wklv phdqv wkdw <8( ri doo wdvnv duh frqwdlqhg lq
wkh hoolsvh p1
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46Qrwh wkdw iru wdvn y vxfk wkdw y @ j+vl4>j l5,/ zh kdyh oq 4
￿m+y, @ vlm/i r um @4 >51
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47Jlyhq wkh ghpdqg iru zrunhuv shu xqlw ri rxwsxw dv ghvfulehg lq htxdwlrq 516/ iru t+y, wr
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lqfuhdvh zlwk y/ t3 A 3/z hq h h g￿ 5 +3>4,1
48Lq jhqhudo/ vroylqj wkh v|vwhp iru 4 A￿A3 |lhogv Urvhq*v lqgluhfw surgxfwlrq ixqfwlrq1
Lpsrvlqj wkh zrunhu ghpdqg shu xqlw ri rxwsxw dv lq htxdwlrq 516 |lhogv wkh FHV irup1
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49Wlqehujhq dfwxdoo| uhihuv wr frpsduwphqwv1
4:Wlqehujhq +4<89, vkrzv lw lv srvvleoh wr uhpryh wkh dvvxpswlrq wkdw ghpdqg lv lqhodvwlf
+vhh vhfwlrq YLLL,1 Krzhyhu/ Wlqehujhq ghulyhv d vroxwlrq li rqo| wkh phdq ri wkh glvwulexwlrq
ri uhtxluhg vnloov +dqg qrw wkh yduldqfh dqg fryduldqfh, fkdqjhv dv wkh zdjh udwhv fkdqjh1
Ixuwkhupruh/ hyhq lq wklv vlpsoh fdvh/ wkh ghulydwlrq ri vxevwlwxwlrq srvvlelolwlhv ehwzhhq wkh






   














  ! "


























 	       
 :    














     
 





















































































   "
 ! 











 ! " 





 /  
￿
 2  
 
	  
 /  ￿ 2
C
  
	    
  
   3
 
C




























4;Plqg wkh gl￿huhqfh ehwzhhq wkh gh￿qlwlrq ri w lq Wlqehujhq dqg wkh gh￿qlwlrq ri w lq wkh
dssolfdwlrq ri Ur|*v prgho suhvhqwhg lq Vhfwlrq 5161 Lq Vhfwlrq 516/ lqglylgxdov duh hqgrzhg
zlwk d yhfwru ri lqlwldo fdsdflwlhv { wkdw lv wudqviruphg lqwr d surgxfwlylw| vfdodu wm+{, e|
wkh hgxfdwlrqdo fkrlfh1 Lq Wlqehujhq/ lqlgylgxdov duh hqgrzhg zlwk d yhfwru ri vnloov w @?
w4>===>wq A1
4<Plqg wkh gl￿huhqfh ehwzhhq Urvhq*v dqg Wlqehujhq*v gh￿qlwlrqv ri wdvnv1 Lq Urvhq*v prgho/
wdvnv duh gh￿qhg e| d yhfwru v @?v 4>===>vq A frqwdlqlqj wkh surgxfwlylw| ri wkh ydulrxv w|shv
ri zrunhuv lq wklv wdvn1 Lq Wlqehujhq/ wdvnv duh gh￿qhg e| d yhfwru v @?v 4>===>vq A frqwdlqlqj
wkh ohyho ri hdfk w|sh ri vnloov uhtxluhg wr gr wdvn l=
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53Lq Iljxuh 517/ zh sorw wkh <8( frqwrxuv1 Wklv phdqv wkdw <8( ri doo lqglylgxdov duh
frqwdlqhg lq wkh hoolsvh q dqg <8( ri doo mrev duh frqwdlqhg lq wkh hoolsvh p
54Khuhzlwk/ zh kdyh fkrvhq fv A 31
55Qrwh wkdw lq Wlqehujhq*v ylhz +vhh Wlqehujhq +4<89,, hgxfdwlrq111
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lqjv wkdw duh uhodwhg zlwk lw1 Wkxv hgxfdwlrq pd| sduwo| uh hfw vrph ri wkh fdxvhv
wkdw hqdeoh vrph shrsoh pruh wkdq rwkhuv wr frpsohwh d fhuwdlq ohyho ri vfkrrolqj/
vxfk dv lqqdwh lqwhooljhqfh/ shuvhyhudqfh dqg wkh hqylurqphqw lq zklfk dq lqgl0
ylgxdo kdv jurzq xs1 Hgxfdwlrq dovr uh hfwv zkdwhyhu ￿qdqfldo dffrpprgdwlrq lv
pdgh dydlodeoh e| wkh frppxqlw| ri wkh dydlodelolw| ri vfkrrov ri wkh w|sh qhhghg
vx!flhqwo| forvh wr d jlyhq lqglylgxdo1
56Qrwh wkdw wkh yduldqfhv dqg fryduldqfh ri wkh glvwulexwlrq pd| fkdqjh wrr1 Vlqfh wklv
ghshqgv rq wkh ehiruh0vkrfn glvwulexwlrq lw zloo qrw eh wuhdwhg khuh1
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57Qrwh wkdw iru d wdvn u ri rffxsdwlrq 4 vxfk wkdw y4 @ j+vu>44>v u>45, zh kdyh oq 4
￿4m+y4, @ vu>4m
iru m @4 >51 Lghp d wdvn u ri rffxsdwlrq 5 vxfk wkdw y5 @ k+vu>54>v u>55, |lhogv oq 4
￿5m+y5, @ vu>5m
iru m @4 >51
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58Rxu prgho uhgxfhv wr Urvhq +4<:;,*v prgho zkhq= %4 @ %5 @ % dqg ￿
e4 @ 4￿￿
e5 / d44 @
frqvw4 ￿ d54 dqg d45 @ frqvw5 ￿ d55 dqg ￿r @4 1 Wklv phdqv wkdw dowkrxjk zh gl￿huhqwldwh
ehwzhhq wkh wdvnv lq rffxsdwlrqv 4 dqg 5/ wkh| duh dfwxdoo| lghqwlfdo dw d frqvwdqw sur{|1
59Wkh forvhu ￿ lv wr 3/ wkh odujhu wkh h!flhqf| xqlwv lq rffxsdwlrq 41 Wkh forvhu ￿ lv wr 4/
wkh odujhu wkh h!flhqf| xqlwv lq rffxsdwlrq 51 Khqfh/ ￿ lqglfdwhv wkh uhodwlyh h!flhqf| xqlwv
lq rffxsdwlrq 51
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5:Lq jhqhudo/ vroylqj wkh v|vwhp |lhogv Urvhq*v lqgluhfw surgxfwlrq ixqfwlrq1 Lpsrvlqj wkh
zrunhu ghpdqg shu xqlw ri rxwsxw dv lq htxdwlrq 519 |lhogv wkh FHV irup1
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5;Qrwh wkdw wkh gh￿qlwlrqv ri w dqg v fruuhvsrqg zlwk wkh gh￿qlwlrqv xvhg lq Vhfwlrq 518 wr
ghvfuleh Wlqehujhq*v prgho1
5<Iru lqvwdqfh/ wklqn ri i dv= i+w4>w 5, @ w5
w4.w4=
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63Urvhq +4<:;, dqg Pdfgrqdog +4<;5, xvh d vlqjoh lqgh{ wr rughu wdvnv e| frpsdudwlyh
dgydqwdjh1 Whxolqjv +4<<8d/ 4<<8e dqg 5335, xvhv d mrlqw ghqvlw| ixqfwlrq ri zrunhu w|sh dqg
mre w|sh1
64Wklv udlvhv wkh txhvwlrq zk| lqglylgxdov zlwk htxdo frpsdudwlyh dgydqwdjh/ htxdo x/ pdnh
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A65
gl￿huhqw fkrlfhv1 Wkh sureohp fdq eh vroyhg eh uhfrjqlvlqj wkdw wzr lqglylgxdov zlwk wkh
vdph uhodwlyh fdsdflwlhv/ wkh vdph x/ qhhg qrw kdyh wkh vdph fdsdflwlhv1 Lqghhg/ d shuvrq wkdw
lv wzlfh dv vwurqj dv lqwhooljhqw qhhg qrw eh dv vwurqj dv dqrwkhu shuvrq wzlfh dv vwurqj dv
lqwhooljhqw1 Zh dvvxph wkdw li wzr lqglylgxdov kdyh wkh vdph uhodwlyh lqlwldo fdsdflwlhv x/d q g
plq+￿4>￿ 5, ?x?pd{+￿4>￿ 5,/ wkh lqglylgxdo zlwk dq devroxwh dgydqwdjh lq hgxfdwlrq 4/ wkdw
lv wkh lqglylgxdo zlwk wkh odujhvw fdsdflw| ri w|sh 4/ zloo fkrrvh hgxfdwlrq 4 dqg ylfh yhuvd1
65Jlyhq wkh ghpdqg iru zrunhuv shu xqlw ri rxwsxw dv lq htxdwlrq 5144/ iru sl+x, dqg tm+y,
wr ghfuhdvh zlwk x dqg y uhvshfwlyho|/ t3
m ? 3/ s3
l ? 3/ zh qhhg ￿r>￿h 5 +3>4,1
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66Lq Urvhq/ ￿r A 4 vxfk wkdw dq lqfuhdvh lq uhodwlyh zdjh udwh +z5@z4, vkliwv % xszdug1 Wkh
uhodwlyh vnloo uhtxluhg lq wkh pdujlqdo wdvn vkliwv wrzdug 4 lpso|lqj wkdw zrunhuv ri w|sh 4 zloo
shuirup d zlghu udqjh ri wdvnv zkhuhdv zrunhuv ri w|sh 5 zloo shuirup d qduurzhu udqjh ri
wdvnv1
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4Vhh dovr Qlfnhoo dqg Ehoo +4<<9, dqg RHFG +5334,1
5Dphulfdq zrunhuv zlwk ohvv wkdq 45 |hduv ri vfkrrolqj vfruh lq dyhudjh ohvv wkdq wkhlu
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Rffxsdwlrq Duwv0Kxp Vrfl0Vflh Exvlqhvv Odz Qdwxu0vflh Hqjlqhhu Khdowk wrwdo
Duwv0Kxp ; 9< 5 5 5 4 6<
Vrfl0Vflh 48   48 5 4 5 : 99
Exvlqhvv 47 4; = 44 ; 43 5 456
Ohjdo 65 4  44 4 78
Vflhqfhv 98 4 4 5 "! 77 : 467
Hqjlqhhulqj 65 : 44 7 ! 4 453
Khdowk 65 4 4 58   :;
Pdqdjhuv 4< 49 ! 8: 4 : 9 43<
Whdfklqj &! 45 43 5 54 44 8 483
Fohunv 55 4:   43 6 8 6 ;7
Rwkhu0orzhu  43 44 7 7 ; 6 85
wrwdo 536 447 4;; :9 455 4<: 433 4333
@Iru hdfk rffxsdwlrq/ wkh hgxfdwlrqdo jurxs zlwk wkh odujhvw iuhtxhqf| lv
uhsuhvhqwhg lq erog1
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6Vhh iru lqvwdqfh Eodx dqg Ndkq +4<<9,/ Ohxyhq hw do1 +5337,/ Ghyur|h dqg Iuhhpdq +5334,
dqg Iuhhpdq dqg Vfkhwwndw +5334,1
7Qrwlfh wkdw rxu phdvxuh ri ehwzhhq hgxfdwlrqdo ￿hogv zdjh lqhtxdolw| lv sduw ri wkh zlwklq
hgxfdwlrqdo ohyhov zdjh lqhtxdolw| phdvxuhg lq prvw hpslulfdo dqdo|vhv1
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Wkh yduldqfh ri krxuo| hduqlqjv lv ghfrpsrvhg lqwr ehwzhhq/ zlwklq dqg wrwdo yduldqfh dv
rewdlqhg iurp hvwlpdwlrq ri vhsdudwh uhjuhvvlrqv ri htxdwlrq 615 iru hdfk frxqwu|1
Wkh vwdqgdug ghyldwlrq dqg wkh 83043/ <3083 dqg <3043 shufhqwloh jdsv ri wkh glvwulexwlrq
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9Iru wkh vdnh ri vlpsolflw|/ zh vnls wkh frxqwu| lqgh{/ l1h1 f rq erwk wkh sdudphwhuv dqg wkh
yduldeohv ri wkh prgho1
:Zh uhsurgxfhg wkh dqdo|vlv zlwk wkh jhqhudo 50ohyho FHV surgxfwlrq ixqfwlrq vshfl￿fdwlrq
dqg irxqg vlplodu uhvxowv dv wkrvh suhvhqwhg lq wklv fkdswhu1
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;Vhh Vwrqh dqg Eurzq +4<97,/ Hydqv dqg Olqgoh| +4<:6,/ Ndgdv dqg Nodi}n| +4<:9, dqg
Ydq Hlmv dqg Erujkdqv +4<<9,1
<Iru pruh ghwdlov vhh Hydqv dqg Olqgoh| +4<:6, dqg ydq Hlmv dqg Erujkdqv +4<<9,1
43Wlqehujhq qrwlfhv wkdw vlqfh wkh ￿uvw vroxwlrq frqfhqwudwhv doo revhuydwlrqv zkhuhdv wkh
vhfrqg vroxwlrq vsuhdgv wkhp hyhqo| ryhu wkh pdwul{/ wkh dfwxdo doorfdwlrq pdwul{ pd| eh vrph0













vdwlv￿hv wkh erughu frqglwlrqv frqglwlrqdo rq wkh uhihuhqfh
pdwul{ O31 Wkh uhodwlyh hqwurs| uhdfkhv d joredo plqlpxp/ l1h1 3/ zkhq wkh doorfdwlrq Ow
lm>f lv
htxdo wr wkh doorfdwlrq O3
lm>f1 Wkhuhiruh/ wklv phwkrg fdq eh vhhq dv d plqlplvdwlrq ri whqvlrq
jlyhq uhodwlyh vfduflw| ri fhuwdlq zrunhuv* fkdudfwhulvwlfv +erughu yhfwruv, dqg lqlwldo doorfdwlrq1
Lw lv frpsdudeoh wr Wlqehujhq*v w0phwkrg1 Krzhyhu/ lq frqwudvw zlwk Wlqehujhq/ rxu phwkrg
xvhv d surgxfwlrq ixqfwlrq dv xqghuo|lqj vwuxfwxuh1 Ixuwkhupruh/ zkhq hgxfdwlrqdo htxloleulxp
lv uhdfkhg +vxsso| yhfwru htxdov ghpdqg yhfwru, wkh uhvxowlqj doorfdwlrq zrxog qrw qhfhvvdulo|
ohdg wr xqlprgdo glvwulexwlrq ri zrunhuv e| hgxfdwlrq zlwklq hdfk rffxsdwlrq dqg wkh qhz
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44Zlwk rqh rffxsdwlrq/ vd| l/h y h ql iw k hdlm sdudphwhuv duh gl￿huhqw lq wkh ydulrxv frxqwulhv/
lpsrvlqj wkh erughu frqglwlrqv/ Ow
lmf ￿ Ow
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45Wklv zrxog lpso| htxdolvhg vxsso| dqg ghpdqg yhfwruv dfurvv frxqwulhv li dqg rqo| li wkh
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46Vhh Kdphuphvk +4<<5 dqg 4<<6, iru dq h{kdxvwlyh vxuyh| ri hpslulfdo hvwlpdwhv ri oderxu0
oderxu vxevwlwxwlrq hodvwlflwlhv1 cKdphuphvk *v odz/* edvhg rq hpslulfdo uhjxodulwlhv/ lqglfdwhv
wkdw oderxu0oderxu vxevwlwxwlrq hodvwlflwlhv olh durxqg 4171
47Dq I0whvw uhyhdov wkdw vshfl￿fdwlrq +LY, dovr ￿wv wkh gdwd vljql￿fdqwo| ehwwhu wkdq vshfl￿0
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 Duwv0 Vrfldo Exvlq Odz Qdwxu0 Hqjlq Khdowk
 "
 !A Kxpd Vlhqfhv Vflhqf
Duwv0Kxpdqlwlhv 4165 5186 5138 417< 41:; 4138 4145
Vrfldo0Vflhqfhv 41:7 51<: 41<< 4163 4145 416<
Exvlqhvv 4179 41<7 417< 4176 31<7
Odz 4158 31<4 31:; 31;;
Qdwxudo0Vflhqfhv 418; 613: 4148
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@Vlqfh doo lqglylgxdov kdyh d kljkhu hgxfdwlrq/ rqo| wkh wzr odvw gljlwv duh uhsruwhg1
Lqglylgxdov* LVFHG ￿uvw gljlwv duh 8/ 9 ru :1
KWkh ￿uvw < rffxsdwlrqdo fdwhjrulhv fruuhvsrqg wr mrev iru zklfk d kljkhu hgxfdwlrq
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Wkh zdjh0suhpld e| hgxfdwlrqdo ￿hog uhodwlyh wr Duwv0Kxpdqlwlhv judgxdwhv duh ghulyhg
iurp vhsdudwh hvwlpdwlrqv ri wkh hduqlqjv uhjuhvvlrq +htxdwlrq 615, iru hdfk frxqwu|1
Wkh dyhudjh devroxwh glvwdqfhv ehwzhhq wkh doorfdwlrq ri hdfk frxqwu| dqg wkh qlqh0frxqwu|
dyhudjh doorfdwlrq duh phdvxuhg dv vshfl￿hg lq htxdwlrq 6141
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Kxpdqlwlhv 3148 317; 051<; 0414; 3159 04138 513< 031:3 315; 031<;
Vrfldo0
Vflhqfhv 3157 03153 07136 0319< 31:6 031;< 5165 03169 31;9 031:5
Exvlqhvv 317; 3165 0713: 04139 314: 03174 61:< 0316: 03194 0314:
Odz 314; 3143 061;: 031<9 31:< 3168 5193 3165 31<4 03198
Qdwxudo0
Vflhqfhv 3163 03143 061;5 04177 4146 04133 5155 0319< 0316: 3143
Hqjlqhhulqj 03146 03156 051<7 04187 31;5 03146 41;7 031:: 0315: 03193
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Hqjlqhhu 3198 3168 3145 4169 03173 0319; 3178 3169 4144 3197
Khdowk 0314< 3195 0315; 51;5 04146 03139 0316: 31:4 3194 319:
Whdfklqj 31<4 3185 03137 41;3 041<7 0415; 31:6 4139 4139 3176
Exvlqhvv 5143 04188 031:8 41:< 0315< 031<6 31:5 3198 31<4 03174
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Vrfldo0
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4Lq Qhzehu| dqg Vljolw}*v +4<;4, whuplqrorj|/ zh frqvlghu lq wklv fkdswhu rqo| v|vwhpdwlf
vxsso| yduldelolw|1 Lq rxu dqdo|vlv/ oderxu pdunhw lqvwdelolw| lv eurxjkw derxw e| vkruw uxq
yhuwlfdo vkliwv lq wkh vxsso| ri oderxu zlwk gl￿huhqw hgxfdwlrqdo edfnjurxqgv dqg wkhvh vkliwv
pdqlihvw wkhpvhoyhv lq ehwzhhq hgxfdwlrq zdjh lqhtxdolw|1
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5Qrwh wkdw zh xvh wkh whuplqrorj| cjhqhudo hgxfdwlrq* iru wkh hgxfdwlrqdo ￿hogv wkdw hp0
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skdvlvh rq jhqhulf vnloov/ h1j1 vnloov wkdw fdq eh xvhg lq vhyhudo rffxsdwlrqv/ olnh uhdglqj/
pdwkhpdwlfv/ hwf dqg qrw wr lqglfdwh wkh euhdgwk ri wkh fxuulfxoxp +vhh Growrq dqg Yljqrohv
+5335, iru lqvwdqfh,1 Lq erwk fdvhv/ zrunhuv fdq shuirup d txlwh odujh udqjh ri wdvnv lq rf0
fxsdwlrqv rxwvlgh wkhlu rzq rffxsdwlrq1 Exw lq wkh ￿uvw fdvh/ ehfdxvh wkh| kdyh jhqhulf vnloov
wkdw duh ryhudoo xvhixoo/ zkhuhdv lq wkh fxuulfxoxp fdvh/ zrunhuv kdyh ohduqw d eurdg udqjh ri
vshfl￿f vnloov1
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6Wklv FHV vshfl￿fdwlrq lv vlplodu wr wkh vshfl￿fdwlrq xvhg lq Erxqg dqg Mrkqvrq +4<<5,
dqg lv wkh glvfuhwh irup ri Whxolqjv +4<<8d/ 4<<8e dqg 5335,1 Krzhyhu/ zh gr qrw uhvwulfw wkh
hodvwlflw| ri vxevwlwxwlrq ehwzhhq wkh ydulrxv jurxsv ri zrunhuv wr eh juhdwhu wkdq 4/d vl qe r w k
Erxqg dqg Mrkqvrq +4<<5, dqg Whxolqjv +4<<8d dqg 4<<8e,1 Wklv uhihuv wr Kdphuphvk*v odz
+vhh Kdphuphvk +4<;9,,1 Lw uh hfwv dssduhqw uhjxodulwlhv lq hpslulfdo uhvxowv1
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7Wkh dqdo|vlv dvvxphv wkdw zrunhuv duh uhzdughg dffruglqj wr wkhlu yrfdwlrqdo vshfldolvdwlrq
dv vwdwhg e| wkh kxpdq fdslwdo wkhru|1 Wkhuhiruh/ wkh rswlpdo doorfdwlrq sdwk lv fkdudfwhulvhg
e| d frqvwdqw udwlr ri wkh uhodwlyh doorfdwlrq ri zrunhuv zlwk rqh hgxfdwlrq/ vd| m/ lq wzr gl￿huhqw
rffxsdwlrqv yhuvxv wkh uhodwlyh doorfdwlrq ri zrunhuv zlwk dqrwkhu hgxfdwlrq/ vd| n/ lq wkhvh wzr
rffxsdwlrqv1 Wkh suhvhqfh ri zrunhuv rxwvlgh wkhlu vshfl￿f rffxsdwlrqdo ￿hog lv frqglwlrqhg wr
vrph h{whqw e| wkh surgxfwlrq whfkqrorj| wkdw ￿upv xvh udwkhu wkdq e| zdjh gl￿huhqwldov +dv
vwdwhg e| wkh frpsdudwlyh dgydqwdjh wkhru|,1 Zh whvwhg wkh kxpdq fdslwdo hduqlqjv ixqfwlrq
vshfl￿fdwlrq djdlqvw frpshwlqj k|srwkhvlv ri dvvljqphqw iru wkh Gxwfk oderxu pdunhw dqg glg
qrw ￿qg vxssruw iru wkh dvvljqphqw hduqlqjv vshfl￿fdwlrq1 Wkh mre frpshwlwlrq dqg kxpdq
fdslwdo k|srwkhvhv zkhuh vwdwlvwlfdoo| htxlydohqw1
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9Zh udq wkh frpsdudwlyh vwdwlfv iru rwkhu sdudphwhuv ydoxhv dv zhoo dqg irxqg vlplodu
frqfoxvlrqv uhjduglqj wkh uhodwlyh lpsdfw ri doorfdwlrq vwuxfwxuhv lq whupv ri oderxu surgxfwlylw|
dqg zdjh glvshuvlrq1
:Qrwh wkdw k+O=4>O=5>O=6, @ k+O=6>O=5>O=4, dqg Y +O=4>O=5>O=6, @ Y +O=6>O=5>O=4, iru doo d/
e dqg f dqg doo O=m1 Khqfh ydu|lqj O=4 lv htxlydohqw wr ydu|lqj O=6 lq whupv ri surgxfwlylw| dqg
zdjh glvshuvlrq1
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 7,
<Iru rxu sxusrvh/ d srrohg sdqho gdwd vhw lv suhihudeoh wr srrolqj wlph0vhulhv ri furvv0vhfwlrqv/
wr vwulfwo| phdvxuh wkh rffxsdwlrqdo uhdoorfdwlrq ri zrunhuv lq gl￿huhqw wlph shulrgv1 Lq d sdqho
gdwd vhw wkh doorfdwlrq pdwul{ fkdqjhv iurp |hdu wr |hdu ehfdxvh shrsoh kdyh pryhg yhuwlfdoo|
+gl￿huhqw mre ohyho, ru krul}rqwdoo| +gl￿huhqw rffxsdwlrqdo ￿hog, lq wkh zkroh doorfdwlrq pdwul{
+doo ohyhov dqg ￿hogv ri erwk hgxfdwlrq dqg rffxsdwlrq,/ qrw ehfdxvh gl￿huhqw lqglylgxdov duh
frqvlghuhg lq gl￿huhqw wlph shulrgv1
43Wkh jurvv lqfrphv duh qrw dydlodeoh iru 4<<8 dqg 4<<91
44Vwdqgddug Rsohlglqj Lqgholqj/ lq Gxwfk1 Wkhuh lv d gluhfw olqn ehwzhhq wkh VRL dqg wkh
Lqwhuqdwlrqdo Vwdqgdug Fodvvl￿fwdwlrq ri Hgxfdwlrq Glsorpd +LVFHG,1
45Vwdqgddug Ehurhshq Fodvvl￿fdwlh/ lq Gxwfk1 Wklv fodvvl￿fdwlrq lv uhodwhg wr wkh Lqwhuqd0
,   
C
 A 41 ! 



































   
 $ ! 







































 '4> , 
% 






























 "   ! 


















 *1 ! "
H

   
  /


















wlrqdo Vwdqgdug Fodvvl￿fdwlrq ri Rffxsdwlrqv 4<;; +LVFR*;;,1
46Wkh sdqho ri doo zrunhuv iru zklfk lqirupdwlrq lv dydlodeoh lq wkh wkuhh |hduv lv edodqfhg1
Wkhuhiruh/ |hduo|  xfwxdwlrqv lq wkh qxpehu ri zrunhuv zlwk dq lqwhuphgldwh hgxfdwlrqdo ohyho lq
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47Zh kdyh whvwhg wklv kxpdq fdslwdo vshfl￿fdwlrq djdlqvw dq dvvljqphqw vshfl￿fdwlrq zkhuh
rffxsdwlrqdo gxpplhv duh hqwhuhg lq wkh uhjuhvvlrq prgho1 Wkh Zdog0whvwv glg qrw vxssruw
uhmhfwlrq ri wkh kxpdq fdslwdo vshfl￿fdwlrq/ hlwkhu iru |hduo| uhjuhvvlrqv qru iru wkh srrohg
uhjuhvvlrq dw 8(1 Ixuwkhupruh/ wkh U5
dgm dvvrfldwhg wr rq wkh rqh kdqg uhjuhvvlrq zlwk rffxsd0
wlrqdo gxpplhv rqo| dqg rq wkh rwkhu kdqg hgxfdwlrqdo gxpplhv rqo| duh htxdo1 Wkh uhvxowv
duh vkrzq lq Dsshqgl{ I1
48Zh pdnh xvh ri wkh sdqho dvshfw ri rxu gdwd1 Lqglylgxdov vhohfwhg duh wkrvh ehlqj hpsor|hg
lq doo wkuhh |hduv ri revhuydwlrq/ djhg ehwzhhq 49 dqg 971 Krzhyhu/ vlqfh zrunhuv fdq pryh wr
dq rwkhu mre ohyho ru judgxdwh lq dq kljkhu hgxfdwlrqdo ohyho lq wkh shulrg ri revhuydwlrq/ wkh
qxpehu ri zrunhuv zlwk lqwhuphgldwh hgxfdwlrqdo ohyho zrunlqj lq lqwhuphgldwh rffxsdwlrqdo
ohyho lv qrw frqvwdqw ryhu wlph1
49Hvwlpdwhv rewdlqhg e| vhsdudwh uhjuhvvlrqv iru hdfk |hdu duh vlplodu wr wkrvh suhvhqwhg
khuh1
4:Wklv phwkrg ri ghulylqj zmw kdv wkh dgydqwdjh ryhu wkh phdq ru phgldq ri hduqlqjv e|
hgxfdwlrqdo fdwhjrulhv dqg wlph shulrgv/ vlqfh lw frqwurov iru frkruw h￿hfwv1 Zkloh wkh whfkqlfdo
￿hog ri vwxg| lv grplqdwhg doprvw hqwluho| ri pdohv +derxw <8(,/ ihpdohv duh lq d odujh pdmrulw|
+98(, lq wkh ￿hog vrfldo vhuylfhv1 Khqfh/ wkh jds ehwzhhq wkh dyhudjh hduqlqjv ri zrunhuv
zlwk whfkqlfdo hgxfdwlrq dqg shrsoh zlwk vrfldo vhuylfhv hgxfdwlrqdo vshfldolvdwlrq lv sduwo|
dwwulexwdeoh wr wkh jhqghu jds lq hduqlqjv1 Wkh uhvxowv vkrxog eh ylhzhg dv dyhudjh zdjhv e|
hgxfdwlrqdo jurxsv fruuhfwhg iru frpsrvlwlrq fkdudfwhulvwlfv udwkhu wkdq uhwxuqv wr hgxfdwlrq
vlqfh vhohfwlylw| eldv pljkw eh jrlqj rq1
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4;Zh udq d uhjuhvvlrq zlwkrxw doorzlqj iru wkh lqwhudfwlrq ri djh dqg mre whqxuh zlwk jhqghu
dqg irxqg vljql￿fdqw hduqlqjv gl￿huhqwldov lq glvidyrxu ri ihpdohv +031456,1 Wklv vxjjhvwv wkdw
hduqlqjv gl￿huhqwldov ehwzhhq pdohv dqg ihpdohv duh gxh wr jhqghu gl￿huhqfhv lq h{shulhqfh dqg
whqxuh1 Yhugxjr dqg Vfkqhlghu +4<<7, gr lqghhg ￿qg wkdw wkh ohyho ri kxpdq fdslwdo dffrxqwv
iru 93( ri wkh zdjh jds ehwzhhq pdohv dqg ihpdohv1
4<Mrkqvrq dqg Vwd￿rug*v +4<:7, hvwlpdwh lv 5=9( dw wkh djh zrunhuv ohdyh vfkrro/ glplqlvklqj
+srvlwlyh frh!flhqw iru wkh txdgudwlf whup, wr 3 diwhu 48 |hduv ri h{shulhqfh1
D srvvleoh lqwhusuhwdwlrq ri wklv hpslulfdo uhvxow lv wkdw zrphq duh pruh olnho| wr eh hpsor|hg
lq sduw0wlph mrev wkdq phq1 Vwdwhg rwkhuzlvh +vhh Plqfhu 4<<6,/ zrphq duh olnho| wr lqyhvw
ohvv wkdq phq lq rq0wkh0mre wudlqlqj ehfdxvh wkh| ch{shfw* wr vshqg rqo| sduw ri wkhlu dgxow
olyhv lq wkh oderxu irufh1 Khqfh/ zrphq dffxpxodwh vxevwdqwldoo| ohvv h{shulhqfh wkdq phq
lq wkh frxuvh ri wkhlu fduhhuv/ orzhulqj wkhlu kxpdq fdslwdo frpsduhg wr phq dqg zlghqlqj
zdjh0jhqghu gl￿huhqwldov + dwwhu djh￿h{shulhqfh hduqlqjv sur￿ohv iru zrphq,1
53Erxpdkgl dqg Sodvvdug*v +4<<5, hvwlpdwh iru h{shulhqfh lv 313;51 Jul!q dqg Fr{0Hgzdugv
+4<<6, ￿qg 3139< dqg Fodun dqg Ohvolh +4<<7, ￿qg 313891
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Vwdqgdug ghyldwlrq +ehwzhhq sduhqwkhvhv,
 vljql￿fdqw dw 4(
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54Rxu hvwlpdwh ri whqxuh sur￿oh/ l1h1 31338/ lv dfwxdoo| vpdoohu wkdq wkdw ri Whxolqjv dqg
Kduwrj +4<<;, iru wkh Qhwkhuodqgv +vhh wdeoh 415 s6:,1 Krzhyhu/ wkhlu hvwlpdwhv uhihu wr ￿upv*
whqxuh sur￿ohv zkloh rxu phdvxuh lv d mre whqxuh sur￿oh1
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55Lq wkh pxowlidfwru fdvh/ wkh gluhfw hvwlpdwlrq ri ￿r dqg ￿h/ xvlqj wkh udwlr ri idfwru lqsxwv/
uhtxluhv lpsrvlqj wkh uhvwulfwlrqv wkdw idfwru ghpdqg lv krprjhqrxv ri ghjuhh }hur lq doo idfwru
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56Vhh Dsshqgl{ D iru ghwdlov1
57Zkhq uxqqlqj wkh prgho zlwk doorfdwlrq pdwulfhv qhw ri yhuwlfdo pryhphqwv +wkrvh zrunhuv
wkdw lqfuhdvh wkhlu hgxfdwlrqdo ohyho gxulqj wkh shulrg ru fkdqjh rffxsdwlrqdo ohyho ehwzhhq 4<<7
dqg 4<<9 duh h{foxghg, wkh frh!flhqwv iru wkh vxsso| vwuxfwxuh dqg hodvwlflw| ri vxevwlwxwlrq
gr qrw fkdqjh vljql￿fdqwo|1 Wkh uhvxowv suhvhqwhg khuh duh urexvw zlwk uhvshfw wr yhuwlfdo
pryhphqwv1
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58Wkh LVFHG fodvvl￿fdwlrq +Lqwhuqdwlrqdo Vwdqgdug Fodvvl￿fdwlrq ri HGxfdwlrq, glvwlqjxlvkhv
vhyhq ohyhov1 Wklv fodvvl￿fdwlrq lv xvxdoo| xvhg e| wkh Fhqwhu ri Hgxfdwlrq Uhvhdufk dqg Lqqr0
ydwlrq wr surgxfh RHFG lqglfdwruv ri hgxfdwlrq v|vwhpv +vhh RHFG 5334,1
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4Vhh Gh Od Irqwdlqh +499;,1L qw k l videoh Mhdq Gh Od Irqwdlqh whoov wkh vwru| ri dq dqw wkdw
exlogv lq irrg uhvhuyhv gxulqj vxpphu/ dv lw derxqgv/ iru frqvxpswlrq gxulqj zlqwhu zkhq irrg
lv vfdufh dqg d flfdgd wkdw vshqgv wkh vxpphu sod|lqj wkh jxlwdu dqg vwduyhv gxulqj zlqwhu1
5E| dqdorj| wr wkh oderxu krduglqj h{sodqdwlrq ri surf|folfdo surgxfwlylw|> vhh h1j1 Idlu
+4<;8,/ Id| dqg Phgr￿ +4<;8, dqg Verugrqh +4<<9,1 Fkdqjhv lq oderxu xwlolvdwlrq doorz wkh
￿up wr uhdfw wr xqh{shfwhg fkdqjhv lq surgxfw ghpdqg zlwkrxw od|lqj r￿ zrunhuv1 Zrunhuv
fdq eh doorfdwhg wr qrq0surgxfwlrq dfwlylwlhv vxfk dv pdlqwhqdqfh dqg wudlqlqj udwkhu wkdq
ehlqj od|hg r￿ +Id| dqg Phgr￿ +4<;8,,1
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6Wkrxjk wklv khwhurjhqhlw| dfurvv ￿upv lv frqvlvwhqw zlwk d frqmhfwxuh wkdw gl￿huhqw ￿upv
fkrrvh gl￿huhqw prghv ri surgxfwlrq +Kdowlzdqjhu hw do1 +4<<<,/ Lgvrq dqg Rl +4<<<, dqg Ed0
|dug dqg Wurvnh +4<<<, iru lqvwdqfh,/ rqo| ihz dwwhpswv kdyh ehhq pdgh lq gluhfwo| frpsdulqj
wkh vkdsh ri wkh surgxfwlrq ixqfwlrq dfurvv ￿upv1 Lq wkh h{kdxvwlyh vxuyh| ri hpslulfdo hvwlpd0
wlrqv ri surgxfwlrq ixqfwlrqv e| Kdphuphvk +4<<6, rqo| wzr vwxglhv glvwlqjxlvk ehwzhhq jurxsv
ri ￿upv zlwklq lqgxvwulhv1 Norw} hw do1 +4<;3, hvwlpdwh d wudqvorj surgxfwlrq ixqfwlrq iru kljk
dqg orz surgxfwlyh pdqxidfwxulqj ￿upv lq 4<9: xvlqj wkuhh lqsxwv= fdslwdo/ surgxfwlrq dqg
qrq0surgxfwlrq zrunhuv1 Ilhog +4<;;, hvwlpdwhv d wudqvorj surgxfwlrq ixqfwlrq iru odujh dqg
vpdoo idupv lq wkh frwwrq lqgxvwu| lq 4;93/ xvlqj odqg/ vodyhv dqg iuhh zrunhuv dv lqsxwv1 Vlqfh
4<<6/ wr rxu nqrzohgjh/ rqo| Ohyhu +4<<9, iru wkh Gxfwk pdqxidfwxulqj lqgxvwu| dqg Gkdzdq
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7Lq wkh olwhudwxuh rq mre uhtxluhphqwv/ dxwkruv dujxh wkdw vlqfh mrev gl￿hu zlwk uhvshfw wr
wkh ohyho ri vnloov qhhghg iru vdwlvidfwru| shuirupdqfh/ hpsor|huv fodvvli| mrev dffruglqj wr wkh
plqlpdoo| cuhtxluhg* ohyhov ri hgxfdwlrq dqg zrun h{shulhqfh1 Khuhzlwk/ wkh plqlpdoo| uhtxluhg
ohyhov ri hgxfdwlrq dqg h{shulhqfh gh￿qh wkh klulqj vwdqgdugv ri ￿upv1 Wkhvh klulqj vwdqgdugv
duh wkhq xvhg dv lqvwuxphqwv wr frqwuro iru wkh gxudwlrq ri wkh ydfdqflhv1 Vlqfh wkh srro ri
dssolfdqwv pljkw vljql￿fdqwo| gl￿hu lq whupv ri wkhlu vnloo ohyhov ehwzhhq ￿upv ri gl￿huhqw vl}hv/
odujh ￿upv pljkw kdyh lqfhqwlyhv wr vhw kljkhu klulqj vwdqgdugv wkdq vpdoo ￿upv1 Wkhuhiruh/
odujh ￿upv pd| hpsor| pruh vnloohg zrunhuv vlpso| ehfdxvh wkh| revhuyh pruh idyrxudeoh srrov
ri dssolfdqwv zklfk hqdeoh hpsor|huv lq odujh ￿upv wr vhw kljkhu klulqj vwdqgdugv wkdq vpdoo
￿upv1 Ydq Rxuv dqg Ulgghu +4<<4,/ krzhyhu/ gr qrw ￿qg vxfk hylghqfh iru wkh Qhwkhuodqgv1
8Kdowlzdqjhu hw do1*v +4<<<, dqdo|vlv uhdgv dv d surgxfwlrq ixqfwlrq hvwlpdwlrq zkhuh h{ dqwh
dvvxpswlrqv duh pdgh rq wkh hodvwlflwlhv ri vxevwlwxwlrq1 Wkhuhlq/ wkh hodvwlflw| ri vxevwlwxwlrq
ehwzhhq hdfk sdlu ri oderxu lqsxwv lv frqvwdqw dqg htxdo wr xqlw| uhjdugohvv ri wkh ￿up*v
hpsor|phqw vl}h +Free0Grxjodv surgxfwlrq ixqfwlrq,1
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9Norw} hw do1 +4<;3, ￿qg wkdw sodqwv zlwk odujh oderxu surgxfwlylw| kdyh d odujhu hodvwlflw| ri
vxevwlwxwlrq ehwzhhq eoxh dqg zklwh froodu0zrunhuv wkdq sodqwv zlwk d orzhu oderxu surgxfwlylw|
+kljkhvw txduwloh hodvwlflw| htxdov 9/ orzhvw txduwloh htxdov 5,1 Krzhyhu/ wkhlu vwxg| grhv qrw
lqfoxgh fdslwdo lqsxw1 Ohyhu +4<<9, rq wkh rwkhu kdqg ￿qgv d voljkwo| kljkhu +exw qrw vljql￿fdqw,
hodvwlflw| ri vxevwlwxwlrq ehwzhhq fdslwdo dqg oderxu lq odujh ￿upv exw grhv qrw gl￿huhqwldwh
ehwzhhq gl￿huhqw w|shv ri oderxu1
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:Dprqj rwkhuv/ Erxqg dqg Mrkqvrq +4<<5,/ Ehupdq hw do1 +4<<7,/ Dxwru hw do1 +4<<;,/
E h u p d qh wd o 1+4<<;, dqg Pdfklq dqg Ydq Uhhqhq +4<<;, vkrz wkdw whfkqrorjlfdo ghyhorsphqwv
duh vnloo eldvhg1 Qhz whfkqrorjlhv/ vxfk dv frpsxwhuv/ uhtxluh vnloov wkdw duh pruh h{shqvlyh wr
dftxluh wkdq h{lvwlqj vnloov1 Vlqfh lw lv ohvv frvwo| iru vnloohg zrunhuv wr dftxluh wkh qhz vnloov/
vnloohg zrunhuv duh wkh ￿uvw wr xvh wkh qhz whfkqrorj|1 Lq wxuq/ wkhlu pdujlqdo surgxfwlylw|
udlvhv frpsduhg wr xqvnloohg zrunhuv +vhh Gxqqh hw do1 +5333, iru lqvwdqfh,1
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;Uhflsurfdoo|/ wkh fkdqjh lq wkh ghpdqg iru xqvnloohg zrunhuv zloo eh odujhu/ wkh odujhu
wkh hodvwlflw| ri vxevwlwxwlrq ehwzhhq vnloohg dqg xqvnloohg zrunhuv jlyhq dq xqvnloohg oderxu
dxjphqwlqj whfkqrorjlfdo fkdqjh1
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43Wkhvh vxppdu| phdvxuhv duh wkh sursruwlrqv ri ihpdohv/ wkh sursruwlrq ri zrunhuv zlwk ohvv
wkdq 8 |hduv ri h{shulhqfh/ ehwzhhq 8 dqg 43 |hduv dqg pruh wkdq 43 |hduv ri h{shulhqfh dqg wkh
uhodwlyh sursruwlrqv ri zrunhuv e| hgxfdwlrqdo dqg rffxsdwlrqdo ohyhov dv zhoo dv wkh sursruwlrqv
e| furvv0fhoo ri hgxfdwlrq dqg rffxsdwlrq +doorfdwlrq pdwul{ ri hgxfdwlrq e| rffxsdwlrq,1
44Ixoo wlph htxlydohqwv duh dovr dydlodeoh1 Xvlqj wklv yduldeoh glg qrw d￿hfw wkh hvwlpdwhg
uhvxowv1
45Wkh vhfwru ri lqgxvwu| Wudqvsruw dqg Whohfrppxqlfdwlrq/ udqnhg irxuwk rq erwk wkh hp0
sor|phqw vl}h dqg wkh ￿upv ghqvlw| vfdoh/ zdv yhu| xqvwdeoh gxulqj wkh shulrg <50<8 dv wkh
udwhv ri ￿up0ghdwkv dqg phujhuv ri ￿upv lq wklv vhfwru zhuh yhu| kljk1
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46Ohw wkh ￿uvw Q ￿ 4 lqsxw idfwruv eh oderxu lqsxwv gl￿huhqwldwhg e| hgxfdwlrq/ lqgh{hg e|
m 5? 4>===>qA/ dqg rffxsdwlrq/ lqgh{hg e| l 5? 4>===>q A/ dqg wkh Qwk eh fdslwdo vwrfn1
47Zh kdyh gursshg ￿up dqg wlph lqgh{hv iru wkh vdnh ri frqyhqlhqfh1
48Qrwh wkdw Q @ q5 .4 1
49Lq wkh suhylrxv fkdswhuv zh xvhg d FHV surgxfwlrq ixqfwlrq dv lw r￿huv d frqyhqlhqw zd|
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lqwhuhvwhg lq hvwlpdwlqj wkh vkdsh ri wkh surgxfwlrq ixqfwlrq1 Wr wklv dlp/ wkh wudqvorj irup
vkrxog eh suhihuhg iru lwv  h{leoh ixqfwlrqdo irup1
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4;Lw lv xvxdoo| dujxhg wkdw idfwru sulfhv udwkhu wkdq idfwru txdqwlwlhv vkrxog eh frqvlghuhg dv
h{rjhqrxv zkhq xvlqj ￿up0ohyho gdwd dqg wkhuhiruh d frvw ixqfwlrq vkrxog eh hvwlpdwhg udwkhu
wkdq d surgxfwlrq ixqfwlrq1 Dv Yduldq +4<;7, s1 4:7 h{sodlqv=
111li wkh pdqdjhuv revhuyh yduldeohv rplwwhg lq wkh prgho/ wkhq wkh| fhuwdlqo|
wdnh wkdw lqirupdwlrq lqwr dffrxqw zkhq wkh| ghwhuplqh wkhlu rswlpdo fkrlfh ri
lqsxwv1
Wkh hvwlpdwhv ri wkh prgho zloo wkhq eh eldvhg1 Wklv sureohp fdq eh vroyhg xvlqj d frvw
ixqfwlrq dv sulfhv duh h{rjhqrxv dqg qrw ghwhuplqhg e| wkh pdqdjhuv1 Krzhyhu/ hvwlpdwlqj d
frvw ixqfwlrq uhtxluhv wr dvvxph ￿{hg rxwsxw ohyho1 Wkh uhvxowlqj sdudphwhu hvwlpdwhv uhsuhvhqw
vxevwlwxwlrq srvvlelolwlhv dorqj dq lvrtxdqw exw ljqruh wkh vfdoh h￿hfwv rq rxwsxw1 Dv Gh
Od Judqgylooh +4<;<, vkrzv/ wkh pdjqlwxgh ri wkh hodvwlflw| ri vxevwlwxwlrq ghwhuplqhv wkh
pdjqlwxgh ri wkh vfdoh h￿hfw dv zhoo1 Wkh odujhu wkh hodvwlflw| ri vxevwlwxwlrq/ l1h1 wkh odujhu
wkh vxevwlwxwlrq h￿hfw +wulyldo, dqg wkh odujhu wkh vfdoh h￿hfw1 Lq rughu wr wdnh vfdoh h￿hfwv
lqwr dffrxqw zh hvwlpdwh d surgxfwlrq ixqfwlrq udwkhu wkdq d frvw ixqfwlrq1 Ehfdxvh ri wkh
hqgrjhqhlw| ri lqsxw ohyhov/ dq hvwlpdwlrq surfhgxuh xvlqj lqvwuxphqw yduldeohv lv uhtxluhg1
Wr dyrlg sureohpv lqkhuhqw lq fkrrvlqj lqvwuxphqwdo yduldeohv/ wkh ]hooqhu phwkrg lv suhihuhg1
Ehuqgw dqg Fkulvwhqvhq +4<:6, lqghhg ￿qg qr vljql￿fdqw gl￿huhqfhv lq hvwlpdwhv ehwzhhq wkh
]hooqhu phwkrg dqg wkh wkuhh vwdjh ohdvw vtxduhv1
4<Rqh vkduh htxdwlrq/ duelwudulo| fkrvhq/ zdv gursshg vlqfh lghqwl￿fdwlrq sureohpv uhvxowv
iurp wkh krprjhqhlw| uhvwulfwlrqv1 Wkh wudqvorj sdudphwhuv duh wkrxjk lqghshqghqw ri wkh
fkrlfh ri zklfk vkduh htxdwlrq wr gurs vlqfh zh xvh wkh lwhudwlyh ]hooqhu0h!flhqw hvwlpdwlrq




  C 7)-G8 ! 
 































  ! 	
  GN !  	 1	
 
 























   

  N ! 


















































































   












   
  


















































 /   
  



























/   
































































+vhh Ehuqgw dqg Fkulvwhqvhq +4<:6,1
53Vhh ]hooqhu +4<95 dqg 4<96,1
G&  
C
 ++A 	 
















 A! ￿￿ !￿2 !2￿ !22
*)
A    
!￿￿    
!￿2    





    

+*))
A    
!￿￿    
!￿2    
!2￿    
!22    
7￿￿c￿￿     

U
A    
!￿￿    
!￿2   
 
!2￿   
 
!22    
7￿￿c￿￿    
 














































































































54Vhh Kdphuphvk +4<<6, Wdeoh 61: dqg 61;1
GG     	
C
 +&A 	 















 A! ￿￿ !￿2 !2￿ !22
*)
A    

!￿￿ 
   
!￿2    
!2￿    
!22    
7￿￿c￿￿     

+*))
A    
!￿￿    
!￿2   
 








A    
!￿￿  
  
!￿2    

!2￿    
!22 
   




  " 
 /  




 /   







    













   8 
 *













  " 
 /










































 !   
*"
  " 

55Vhh Kdphuphvk +4<<6, Wdeoh 61:1
G-  
C
 +GA 	 




























!2￿   
 

!22    
7￿￿c￿￿ 
    

+*))
A   
 
!￿￿    
!￿2  
  
!2￿    
!22    
7￿￿c￿￿     

U
A    





!2￿    






















































". . ' 
 















  "  
  7










56Norw} hw do1 +4<;3, ￿qg vlplodu uhvxowv iru X1V1 pdqxidfwxulqj sodqwv lq 4<9:1
G)     	
 
 









  % 7)))8  6"
 




















   "
  ! 


























 !    




















   76￿cs| ! !s| 	 





 !s|   
		
 ! 1	 *  
 
8  
















  !    "





  ! "
 " 












 :ecs|  :Dcs|


















 '8   

 ! 1	H    1	
0
    
 	






 . 	! 

 7'8A



















  	 7'8 ! C










!    	
 1	 ' 
 	!  

  ! 1	 " 	










 1	  ,N   ! 	*0
 1	  -N
57Lqfoxglqj fdslwdo lq wkh vhw ri h{sodqdwru| yduldeohv/ lq rughu wr jhw forvhu wr d surgxfwlrq
ixqfwlrq +Free0Grxjodv,/ lqfuhdvhv wkh shufhqwdjh ri wkh yduldwlrq lq oderxu surgxfwlylw| h{0







 	  0
* 
 ! G  
 	!
  )) 7


















































 !  
"

























  	 7''8 ! C
 +-
+)  + C
 







 !  N ! 














































 	 C 	
  

































'   

  ! 
 1	H  ! "
  
 









  !  
 
















 J  e  
C  
	   
  
    !     "  A

 7'''8A








"￿￿8￿￿cs|  s| 7+&8
-     	
"

    
  








   

  

































     
 XX 
 XX




































-v l j8 (
-- vlj 4(
8￿￿ lv wkh sursruwlrq ri zrunhuv zlwk hgxfdwlrqdo ohyho 	 doorfdwhg wr rffxsdwlrqdo ohyho 1
8￿￿ lv wkh sursruwlrq ri zrunhuv zlwk hgxfdwlrqdo ohyho 	1
 "  	 7'''8 ! C




 	  































































































     
 XX 
 XX


































-v l j8 (
-- vlj 4(
! "
  / 
 











 	  






































  '  
 
 1	 ! " 
  !
"
 "  
 







  N  





















   ,8 
 
 "







-,     	
C




























     
 X 
 X













































 7''8  7'''8 












  	 1	 !
  ! "!
 	 	

















	 1	 "  
 * 

























 M  




























  -- 












  --  --  --  --
H{shulhqfh
   --     - 
 





   --
8￿￿   -- 

82￿   -- 
822 
  --  --
82￿  
 





 --  -
Hgxfdwlrq
8￿￿  - 
 -  --


























 7''88  






















































   " 
	 
  *





 	   ! "
  /
  
9 	 ! 











   
*
 	
  "* / 
 
















































    
  	
  



































































 !  
 


































 "  /





 !  '  
 "
 

















   ! "
  





  ! 
"

































   
  






























 	 1	  
 
9
   
 




    
 1	 7












































   

  






 !  
"

























 / "  
 
    
  












































































   6























































 	 !   " "! %










































    !  
" "














  !  
 










   M








































 1 	 














 "  
  C
 









































  	 
 ! 
    "







   " 

1 	






 '  "








 "   " 

1 	
 !	  
*
 








 ! 	  ! 

















  	 1	  
 	
  





     





































































  " 














   















 	 " 
" 
 




4>  !  ;

 "












































    
  
   " 
 






 !   "
































































 '  	
 "





















































 /  
 !	





 4>  ! "



































  	 















































































































    	 	   
 









































 "  * ;


   






























 "  









 "  
 1
  







 !  	 
 




















































   


















   !  








   
























  ! 
 

  !  
 ! 





















































































































 "  






























 !  




   







































 "  

 




















































 "  
  













  ! "
 
 





























!  ! 

 "














































































































   
 


















 "  " 1	  "




H   
   
 
 "  "
1	  "
    

























 	  
 1	 




























 	 ! 
  
    




































 !  
"

     































 1	  
 
9
















  ! 






 ))*))+  
	
  !*






















 / "  










































   























































































C   "
































   
A
 ' 4









































  0 
   
 " 
  *
  ! 
 
 ! 4




























 1 !   


 7))8  ( 
6
/
 7))-8 ( 








 	 	  1
  

























































   
 























































	  ! 4
  " .  2




























































  ! 2
















 !  	

   








   " 















 " 1	 ' 4
 + "
  K   H 76	
*
	
 7)),8  8  	


































     
  	*
   ! "
 "
   !
 !





















   ! 
 1	  



















 '"  " 7,8  *
  "





































  	  
 














 !   "
















































 " " "
 	
 !	
  "    7
 8  " "
 	
 !	
     4 
    
  
     
  	 
"    
  !   	  
4 
    
"    
 	  
   
 
" 	
    7
 85     















 .   














































 !    
 
















 !	 	    





 > ! 























4Eodfn dqg O|qfk +5334, xvh d Free0Grxjodv surgxfwlrq ixqfwlrq zkhuh wkh hdvh wr vxevwl0
wxwh ehwzhhq surgxfwlrq dqg qrqsurgxfwlrq zrunhuv lv htxdo wr xqlw iru doo ￿upv uhjdugohvv ri
wkhlu Kxpdq Uhvrxufhv Pdqdjhphqw +KUP, v|vwhp1
5Vhh dprqj rwkhuv/ Fuhhg| +4<:7, dqg Slvvdulghv dqg Zdgvzruwk +4<;<, dqg Gdylv dqg
Sdwwhuvrq +5333,1
)& 	 
  > 6"

 >    
    3











  	 

















F 		 G ,
Q)








 		 2 ,78 Q+
  7)),8A D	  
   
EF G
 1 2	 -78 +)QG-
  7),-8A B

	 8  	
 A 	





G  : 		 78 Q
  dqg   ! 7)-&8A 1#  : 		
  	
	A  *6  

       	 
    dqg  








 G  		
,78 &)Q,
"!  # $ dqg  #% 7))8A D# 	









A  4 @
"F 	
 		 G78 Q,-
"! 
 dqg 

















 F 8	 		 2 -)78 ))Q
,
" ) 7)G8A 	
  G< " ?
 " 2 









  ? . !A >





 G  		 )78 ,&GQ)G








 G  	
	 ,78 +QG)
" * dqg   # 7)G,8A DC




    . ! ))*










8	 		 2 &7,8 ,)Q






















  #F 9
  : B
#
  	 2	 -#  )-*&





 "  G & ,Q
"(  dqg    ! 78A D6"  4	

A C
 '	 ! ?

#
  '!	 C






"(! # dqg   7)-8A DC
 	 > ! *
R 		
 4 









 > !  #

  .E
7 4	 ! 
 
P.0"  	 >
8F 8	
		 2 G)78 --Q--
"  .  dqg   7))8A D.	 
>		
 (
F 		 G 7G8 -+Q,
" 	 dqg  











F G  
	 	
78 G)Q-,G




	A >" > #










   6 6 
  /  
 dqg  (  )Q+ 
A 

"  dqg  & 7))8A D














 )-HA  > ! 

 >9F 8	
		 2 -7,8 ,GQ)
" , 	 









 >	 . #

F 	 		 G78 +,Q&G




 		 G 78 -,Q-








"F 		  	
 2 7,8 &,QG+
	
"1 	   ,% dqg   7,8A ,	
  
< 9
   "  	 4

	 .=A >" >
3	
#  7)-&8A D>I
 4 " 4 /	
F 8	 	
	 2 G&7+8 +QG









F *A2 -# 
-G&)
#  	 













F 9 G  		 ,78 -,QGG
#  dqg '  2 7))&8A D?
 
 $




F G  	
	 G78 ,)Q&









 G  		
&78 G+Q&
# ' dqg  ' 7)-G8A D%;
 











	F 8 		 &7)8 -&+QG+








: 		 78 &GQG&




 %	 # ! '
	
  6	 4F 


 		 2 78 Q,+
#!  7)G8A D'
*$




 G  
	 	 78 Q+,












	F 		  	
 2 ) &)QG-
	
0  dqg  & 78A D$
  ! >	F
G  : 2	 78 &QG
 ,%  7)-)8A DC





 2 -78 +QG
   	  7&&-8A D 4
 




   ,0  7)-)8A D' J
 ! 
  	F 8	
		 2 G)7,8 &-Q-








F 		  	

2 )78 ))Q&
0!  dqg  	 78A D
 '
:   >9
'
: ! >  4
EF *A2 #  -
  78A D3	 0






 !	  #
 ! . 3	F G  		 A  ,
F
 7,8 &)Q),
! & 7)&)8A D 
 ! *$  /	
F  " A#
 B<  0
 2
 
  5 


 4A $ *
 




F G  
	 	 -) G)-Q-
 - dqg ' - 7)-G8A D3
9




.  . 	 dqg '  2 7))&8A D 
 '
 
  ! ?





 & dqg , (% 7))8A DC
 > ! >	 2*

F 		 G 7,))8 ,GQ+
,	










F 		  	
 2
)78 G)Q)-
78A D'  (
 4	 (

EF 		  	

2 7+8 +Q)
 5 dqg  - 7)-8A D>   %F G 
A +78 GQ,)
! # 7)G8A D>	
 !  
 3F G
 
	 	 -7&8 Q)

















F 		  	
 2 78 G+Q-&
 '   	  $ dqg 
 '( 78A D?

 # 






F *A2 #  5D4)






  C 	 3	EF 9: -#   *
*0 , dqg   ! 7)G,8A DC
 .






F 		   ,7*8 +,QG,
	  7)-+8A D>9









  % F G  
	 	- , 7  8 
G)Q,





8	 		 2 G+78 &,-Q++
	 * 7)--8A D3

  









 'EF 2  		  


	G  7  8 
&+Q+)
	





	  7)G&8A " ,	












 .F ,+ 		 
+,7,8 +-Q&,









   
 .
 
F G  :
		 78 +QG










F : 	  		 >	 
 ,+ +
, & dqg  #2* 7)),8A D$
 ! $
  >
 (0A   
 4 
EF 		  	

2 7,8 +Q++
, + 7)&)8A D4* 4	
	





, - 7))&8A DC
 '






.=F 8 		 -78 ,+Q+
, - dqg $ 4  "( 78A D 	
 

   
F 

 G  B 7G*-8 +-Q
)+
, - 7))G8A DC
 $





 )-*))F 		  	
 2 &7,8 ,Q+
,!%  dqg 
 ,!"% 7)--8A D3  #







 		 G +78 -&,QG-
+	










  6	 4*
F 8	 		 2 -)78 )Q)-
$  7)-,8A D 
" 

 !  4A '	 ! 
*
	 >
   	 ?









	 !   
  $F  1#  :
		 
  % 
!






	 !   
  $F  1#  :
		 
  % 
!

 dqg $   )QG 	
	A
 *6













 '	 ! #F G  1 2	
78 +-Q
$  7)-8A D>  4 $
:
	





























 2F 		  	
 2 )78 ,QG
78A D% 6	 4  ' 4
F 	 -#
  ? #  









$  dqg  ' 7)-G8A D>	 C
   
4	
 
 > 3 ! 
 . )&) * )G, * )GGF
2	 B * (5!3 C
  8























F G  





  ! 6 ?
F G
 : 		 -78 ,)Q&,







$(  7)&8A " "  - A 	  





F ,+ 		  7,8 -)Q)&
)( # dqg 
















F G  		 	
 G78 ++Q-






8	 		 2 -)78 Q-






  O 
 O 4  4

EF 8	
		 2 G) GQ+
 , 7)G8A DC
 
	 !   > 4
F 

 		 G ,G78 )Q
7))G8A D4





G  		 	
 78 Q+
 , dqg 	  7)G8A DC
 >  #	 !
?	
 3F 8	 		 2 &7&8 ---Q),
G	





	 	 -G )GQ)














  F G  
	 	 7,8 Q

  dqg * 






 ! C A   
" 
   	F
2 		  C 		 &78 ,)Q+G

  dqg  "% 7)-)8A D@  








   dqg 







 G  		 G78 ,+QG-









  5F G  












 ! #F 		  	
 2 & 7  8 
Q+

 "   dqg  $ 7)-8A D  ! 6  " *
 # >	






   5 = 
       dqg ( @
4A .
 ! 4 #


%  dqg     ,0 78A D>	 2"  






		 2 )78 -Q)























 ! F 		 G!       	    




	   *
! '
F  A 		 -7+8 ,-)Q)&
 0!  7))8A D











EF 8	 		 2 -&78 +-Q&
 , 7)-8A D 
 >:	 C




 	 ! '!	F 8	 		 2G  7 + 8 
,-Q++










 G  	
	 ,78 +Q







A  4	 ! 3
 2
	  . !
)G*G)F  		 2 -7*8 Q,
  7)8A 	  		 A 	 - 

  7)),8A 
  1 9
 
A >" >
 # 7)--8A DJ*39















  7)-&8A D5 
   
 F  1#
 : 		 
  % 
!

 dqg $            	   




   dqg  4! 7))8A DC
  ! C
A
'	 ! 2"F H
 G  		 &78 +,Q,
)	
%! 





G  		 G78 ,+QG-
!(  $  dqg $  7,8A DC
 '	 ! >*
  	  ?
A 2
	 )-*F B
!(  dqg   78A DC


























 !	 6 = )-&*))&F 	$	 		 2 &7,8
Q-
.(  dqg " " 7))&8A D4
  




  %>4 4




  ?	< ,9> 	
 #A %>4 *





 3	  
 %0 ! #F
		  78 GQG
! , dqg  &( 7))&8A DC







& 	 7)-8A DC
 3
 #	
 ! 4		 4

A 4 4M
 @ >F 1 	
 2 + ,,Q&





G  : 		  -Q,






  ! F 		 G ))7,)G8 G,)Q++










 		 G,7,8 -+Q)
	






 'F 	 		 &7,8 ++Q
  7)&-8A D*$ >		






7)G-8A D  
  ! F 		 + ,+Q
+
!  7)+8A DC
  ! >  ! ' %F 	
	 G &7,8 -)Q++
7)+8A D	
 C  
  ! >F ,+ 	
	  ,78 ,+Q&
  7)-G8A DC
 '	 !    # 
>F G  1 2	 78 Q+
%  7)G)8A D 
 ! 




		 2 &)78 GQ+
 
 7)&G8A D C"*

 4> # 3F 2  		

 , Q-
  7)G+8A D4	
 
  






















  :  	   









  7))&8A D4 #   
 !  6F
G  B
 		 ,-78 ,,Q&
	












 (  
F 8 		 ,78 ,GQ+,














  dqg  " 7)&8A 8 9
 B  		 ?





 ! 2"Y A 4	  6








 . >	F " 


 >	 C ') + * & G  
7))+8A DC
 ?




 5F G  








 ! 6	 4F " 


 >	  7C' *
-P,8
















	 8	 GG78 +&QG+
7)G,8A D " ;

 C
 !   5  #
3F > 	
 7,8 ,Q
7)G8A D ! 2
  %




< 8  	 	   
    	 A
 *6












 CF > 	

+7,8 ,+Q,)
'  7)-8A DC













7)-8A D ! ?
 
 5F > 	
 ,78 ,Q)
'  7)-G8A DC
 '	 ! .
 ! >  #*
A  4
  ! 
 . (
 4	
F 		  	

2 &78 ,)Q+
'  dqg $  0 7)-+8A DC




 2 78 ),Q
7)-)8A DC
 >	 ! >A $
F 		  	

2 -78 )
4!  78A DC
 2






  > 	F 		  	
 2 ) 7  8 
)QG
4 " & dqg  ' 7)-8A D'	
 A 
4





	 8	 78 ,&Q+
4 */ & dqg   " 7))&8A DC
 .




	 F 		 B , +GQ-G













4 $ 7)-8A B			 8  
" OA    4	
 
















 2 ,7,8 +Q&
4  dqg . 4 7)-)8A DC
 '	 !   
>F G  1 2	 78 &)Q,
,	
4 4 7)&8A -#  B

  
" OA 5 ?
  
- 	 7)G8A D>  #F G  
	 	
G-78 ,+Q+)








6	 4 > 3F  1#  : 		




 dqg $   ++Q& 	
	A  *6





	 	 -G7+8 GQ,&
- - 7)G8A D#  #





  2	  >
  1 	

C
  9 A#
+  7)&8A D >I
 













































  	 0 
 




































































































   
 






















































































































































































































































































































































































  " 
 	
 





























































 0/  
 




































































































































   
          
 
  
   
   
 
   
  
  
































































































































































































































































































































































































 "/  6!  



























?  /  
   
   
 
  
            
           












































































































































































































































































































































































































   







































































   

















































































































































































































































































































































































































































































































































































































































































































































































   
 

















































































































































































































































C   
 

 !  
 



















    
C (  
   	

   !  
 "






















C A  
 

 !  

  
  ! 






















C <9  
   !  "
 
9





   !    
C 
  ! 
 











  ! 
 '
C   ! 
 

 !  
:
















































































C   
 	








   "
 











  	 
"






















    
 
9 ?













C o    
 9 
   
   
  !     
	 %
  7  )G8 "
































H "  3	 

	





























 ! >  
  *

 7$%8  .








 ! !  

*	   
 4



















9 ( 7)),8 	









 7)))8 " 	






  " 	  B	
 	
          A
4









  >	 -#          A
4

 ! >  
  
 7$%8









 ! >  
  
 7$%8
+